I. INTRODUCTION
III-nitride semiconductor alloys have achieved significant progress in the past decade, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] in which the key advances in III-Nitride based light emitting diodes (LEDs) were recently awarded by Nobel Prize in Physics in 2014.
14 Despite the advances in the GaN-based LEDs, LEDs development is hindered by the efficiency-droop phenomena which results in significant reduction in internal quantum efficiency as the operating current density increases. Various reasons have been suggested to contribute to the causes of efficiency droop in the InGaN-based LEDs. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] The origin of the efficiency droop phenomena in the InGaN LEDs is still inconclusive, but research in recent years increasingly focused on the carrier density related mechanisms such as carrier leakage 16, 17 and Auger recombination [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] in III-nitrides. Most recently, Iveland and co-workers revealed a linear correlation between the emitted Auger electron and droop current in the InGaN LED, suggesting the existence and important role of Auger processes in leading to the efficiency droop in LEDs. 29 In particular, the interband Auger recombination process has been suggested as a dominant mechanism leading to large Auger coefficient values in the InGaN alloy, which accounts for the efficiency droop phenomena in green LEDs. 23 Previous study indicated the fundamental difficulties in suppressing the interband Auger recombination, 23 until our identification of dilute-As GaNAs material as a possible material with negligible interband Auger process. 30 Dilute-As GaNAs alloy was recently shown as an alternative GaN-based material in addition to InGaN alloy that would provide narrow band gap emission, in particular for addressing blue up to yellow emission spectral regime. 30 Our recent studies have also clarified the heterojunction band alignment for dilute-As GaNAs/GaN interface, 33 which will be useful for enabling heterostructure-based device implementation. The research on dilute-As GaNAs alloy is however still limited, 3, 30, [33] [34] [35] [36] [37] in particular no quantification of the Auger recombination coefficients for this alloy had been reported. Evaluating the Auger recombination process quantitatively and confirming the suppression of interband Auger recombination using the dilute-As GaNAs alloy are thus critical to advance the technology based on this alloy. In this work, we present quantitative findings of the Auger recombination coefficients in dilute-As GaN 1−x As x alloy for As-content (x) ranging from 0% up to 12.5%. The band properties of dilute-As GaNAs alloys are presented. The Auger recombination coefficients between dilute-As GaNAs alloy and InGaN alloy taking into consideration of both interband and intraband Auger recombination processes are compared. Our findings confirmed the suppression of interband Auger recombination by using dilute-As GaNAs alloy. Lastly, the temperature dependency of the Auger coefficient for dilute-As GaNAs alloy is briefly discussed.
II. THEORY AND CALCULATIONS
For intraband Auger recombination process, the energy released from the recombination between an electron and a hole is transferred to another carrier resulting in excitation of the carrier into a higher-energy state, as illustrated in figure 1(a) . For the interband Auger recombination process, the carrier receiving the energy is excited to the second conduction band instead of the higherenergy state in the first conduction band, as illustrated in figure 1(b) . In both cases, non-radiative recombination processes occurred under the energy and momentum conservation conditions.
In the framework of perturbation theory, a general Auger recombination rate is given by the following relation:
In equation (1), state 1 and 2 are for electrons in the first conduction band, state 1' is for a heavy hole in the valence band and state 2' is for an electron in the second upper conduction band respectively. E sum and ⃗ k sum stand for
tively. The probability factor P 1,1 ′ ,2,2 ′ is the term that accounts for the occupation probabilities of the carriers and M 1,1 ′ ,2,2 ′ is the Auger matrix element. The equation ( 
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Two specific analytical expressions for the Auger coefficients corresponding to the recombination process can be obtained for the cases of E g > ∆ and E g < ∆, 38 where E g is the energy difference between the conduction band minimum of the first conduction band (CBM) and the valence band maximum (VBM) at the gamma point, and the parameter ∆ is the energy difference between the CBM and the conduction band minimum of the second conduction band. Table I provides the required band parameters of the dilute-As GaNAs alloys for the Auger coefficient calculations. The band parameters are extracted from the First-Principle calculated band structures of dilute-As GaNAs alloy, in which detailed computational descriptions for the band structure calculations can be found in our recent published work.
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III. RESULTS AND DISCUSSIONS
Note that the Auger calculation results from our models were compared with the experimental and other computational values obtained in InGaN and GaN alloys for validation purpose. Our calculated Auger coefficient for InGaN alloy was obtained as C ∼ 3. ). 23, 24 In addition, our calculated Auger coefficient for GaN alloy at T = 300K is C = 2 x 10 , which agrees considerably with the result by Bertazzi and co-workers. 25 The good agreements of our calculated Auger values for InGaN and GaN alloys with experimental results and computational works by others provide strong validation of the model used here. Figure 2 shows the calculated Auger recombination coefficients of dilute-As GaN 1−x As x alloy with As-contents ranging from 0% up to 12.5%, which corresponds to active materials with emission wavelengths spanning from the ultraviolet up to the yellow spectral regime. The calculated Auger recombination coefficients of dilute-As GaNAs alloy take into account of both intraband and interband Auger recombination processes. The interband Auger recombination process includes the CHCC2 and CLCC2 Auger processes, while the intraband Auger recombination process includes CHCC and CLCC Auger processes. The CHCC2 (CLCC2) process denotes the Auger recombination process involving the C1 band, C2 band and HH (LH) band. In a similar context, the CHCC (CLCC) processes denote the Auger recombination process involving the C1 band and HH (LH) band.
As shown in figure 2 , the calculated Auger recombination coefficients of dilute-As GaNAs alloys are compared to the reported Auger recombination coefficients of InGaN alloys. 23 As can be seen in figure 2 , the reported Auger recombination coefficients for InGaN alloys constituted a "bell-shaped like" profile as a function of energy band gap value, which centered on the resonant condition of the interband Auger process in this alloy. The Auger recombination coefficient for InGaN alloy increases from 2 x 10 , which is driven primarily by the intraband Auger process. The "bell-shape like" profile provides strong evidence of dominant interband Auger process in the material, which primarily resulted from the effect of the resonant energy condition (E g ≈ ∆).
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Note that the interband Auger process is dominant at the (E g ≈ ∆; also referred as on-resonant condition) as observed in InGaN material with bandgap of ∼ 2.5 eV. 23 The resonant condition in the materials achieved for E g ≈ ∆, which results in very large increase in the interband Auger rate attributed to the simultaneous momentum and energy conservations with large carrier occupation probabilities. This condition was reported for InGaN material. 23 However, in our finding, the dilute-As GaNAs has E g -∆ ∼ 0.5 eV, which results in non-resonant condition for the interband Auger process to be dominant.
The Auger recombination coefficients for dilute-As GaN 1−x As x alloy with x = 0% up to x = 12.5% is significantly suppressed over those of the InGaN alloy. The calculated Auger coefficient increases from 2 x 10 with 12.5% As-content of GaNAs alloy at 2.232 eV. The maximum Auger recombination coefficient of dilute-As GaNAs alloy is about two orders of magnitude smaller than that of InGaN alloy. In addition, the Auger recombination coefficients of dilute-As GaNAs alloy do not exhibit a bell-shaped profile like InGaN alloy, which can be readily understood from the negligible interband Auger process in this material. The low interband Auger rate in dilute-As GaNAs is attributed primarily to its large E g -∆ > 0.5 eV, resulting in non-resonant energy condition for such process to be dominant. 30 Further analysis on the impact of interband Auger recombination in dilute-As GaNAs alloy is presented. Figure 3(a) shows a comparison between interband and intraband Auger recombination coefficients for dilute-As GaNAs alloys from 0%-As up to 12.5%-As at 300K. As presented in figure 3(a) , the interband Auger recombination process yields a maximum Auger coefficient of 3.42 x 10 in GaNAs alloy of 12.5%-As-content at T = 300K. Our finding strongly indicates that the interband Auger rates are at least two orders of magnitude smaller than the corresponding intraband Auger rates for dilute-As GaNAs alloy. The Auger rate in dilute-As GaNAs alloy is dominated by the intraband process, and this rate is approximately two orders of magnitude smaller than those predicted for InGaN alloy.
As previously elaborated, 23, 30 the interband Auger process is shown to have exponential dependency to the parameter E g -∆ for a particular semiconductor. The strong mismatch of E g -∆ in dilute-As GaNAs results in off-resonance condition, which in turn leads to a significant reduction in the interband Auger rate in the alloy. The effect of the off-resonance condition (E g -∆ 0) on the interband Auger rates in dilute-As GaNAs can be illustrated in the ratio of the relative comparison on the Auger rate plotted as function of the E g -∆, as shown in figure 3(b) . Figure 3 interband Auger process will be significantly suppressed by at least two orders of magnitude attributed directly from the off-resonance condition (E g -∆ > 100 meV). This implies the important role of the parameter E g -∆ energy in the interband Auger recombination process, which also suggests the importance of having large E g -∆ energy to suppress the interband Auger recombination process in a semiconductor alloy. Figure 4 (a) and 4(b) show the temperature dependency of the Auger recombination coefficients for dilute-As GaNAs ternary alloy from 1.56%-As up to 12.5%-As with a temperature range from 80K to 600K. The Auger coefficients (C) for dilute-As GaNAs alloys show an increasing trend for increasing temperature. Our findings show that the Auger coefficients for dilute-As GaNAs are in the range of C ∼ 10 The trends shown in figure 4(a) and 4(b) are expected for dilute-As GaNAs alloys. The higher temperature results in the Fermi-Dirac function broadening leading to an increase in occupation probability for the carriers, which in turn increases the Auger rate. The Auger rate is shown to have saturation at high temperature primarily limited by restriction from the momentum conservation rule. Note that in this study the effective mass and energy band gap of the dilute-As GaNAs alloys are assumed to be constant over the temperature range. Further studies are required to account for the high temperature characteristics of the Auger rate for dilute-As GaNAs by taking into consideration the temperature variation in its band parameters.
IV. CONCLUSIONS
In summary, the direct Auger recombination rate in the dilute-As GaNAs alloy from 0%-As up to 12.5%-As is quantitatively determined through the First-Principle approach. The maximum Auger recombination coefficient considering intraband and interband Auger recombination processes for dilute-As GaNAs alloy is found as C ∼ 1.66 x 10 , which is two orders of magnitude lower than that of InGaN alloy. The interband Auger coefficient is also found to be at least two orders of magnitude smaller than its corresponding intraband Auger coefficient for dilute-As GaNAs alloy. The pursuits of experimental synthesis of dilute-As were initiated about two decades ago. 2, 3 However, the lack of a clear motivating factor in the pursuit of dilute-As GaNAs beyond serving as another method to achieve visible light emission in III-Nitride system had resulted in relatively little progress in this area. [34] [35] [36] [37] Our findings on the low Auger rate in dilute-As GaNAs provide a strong motivation for the pursuit of this material as a possible active material for visible LEDs and lasers operating at high operating current density.
